Near field velocity gauge data from many underground nuclear tests show that the rise time of the stress wave in geologic materials is extremely long-up to 300 ms at ranges of a kilometer or more in alluvium. Steady wave analysis of this data shows that stress waves traveling in salt, granite, alluvium, basalt and dry tuff also broaden as they propagate, reaching widths from 140m in salt to nearly 400m in alluvium. This broadening ceases when the stress in the wave drops below a threshold ranging from a few MPa for alluvium to ca. 60MPa for granite. The rise time and width of the stress wave is a unique function of particle velocity in each material studied: it does not depend on the yield of the explosion.
INTRODUCTION
A strong stress pulse or shock wave propagates into the ground following either a meteorite impact or the detonation of an explosive device. As it propagates the stress wave decreases in amplitude and changes shape because it engulfs more material and inelastic processes dissipate its energy. Much work has been devoted to this amplitude decrease [1] [2] [3] but relatively little study has been made of the shape changes. The most useful singleparameter specification of pulse shape is the rise time t, here defined as the ratio between the maximum particle velocity change in the wave and the maximum acceleration during the rise † t = Dv max /a max . The rise time is important for engineering applications such as the design of structures intended to resist damage from nearby explosions and the detection and analysis of remote impacts or explosions. The rise time also figures prominently in theories of rock fragmentation by impacts 4, 5 .
Any rate-dependent attenuation mechanism causes the rise time of a pulse to increase as its amplitude decreases e.g. 6, 7 . Such an increase in rise time is commonly observed on particle velocity records from gauges placed close to underground nuclear tests 8 , as well as in laboratory studies of small specimens 9 . This phenomenon is especially well shown in the records from the SALMON (5.3kT) and GNOME (3.1kT) nuclear tests in halite 10, 11 .
These tests were performed with the express purpose of evaluating ground motion. Figure 1 illustrates the basic features of a stress pulse from the SALMON nuclear test. This is a velocity gauge record from a position 450 m from the "working point"
(WP), the center of the nuclear explosion. It illustrates a small elastic precursor to the sharply rising principal wave, its somewhat less rapid fall, and later small oscillations. The rise time is measured as the interval between the points where the arriving wave rises from 10% to 90% of its final value, exclusive of the elastic precursor. Figure 2 is a reproduction of the velocity gauge records from the GNOME nuclear test. It clearly shows the decrease in rise time with increasing range from the working point.
This paper evaluates the data from SALMON, GNOME and nuclear tests in other geologic media to show that the rise time is a unique function of the peak particle velocity when the steady wave approximation is valid. The rise time is thus a material property and does not scale with device yield, as others have argued 1 2 . The rate dependence of the attenuation law is parameterized in terms of a nonlinear viscosity, but the physical processes that lead to this law are not fully understood.
THE STEADY WAVE APPROXIMATION
Steady wave analysis has been used to study the structure of shock fronts in metals 13, 14 , PMMA 1 5 and a number of oxides such as MgO and SiO 2 9 . In this work a steady, planar shock front is produced in a small sample by a gun-driven flyer plate. The pulse, which initially has a very short rise time, gradually relaxes to a constant (longer) rise time and propagates with constant strength. The measured rise time is attributed to details of dislocation motion or a viscous failure law. Note that the rise times for shock waves in gases are much shorter, with a pulse breadth comparable to the mean free path of a gas molecule 1 6 . Solids offer many more avenues for energy dissipation than gases and so the shock fronts are correspondingly larger.
In these experiments it is important to allow the pulse to propagate far enough to reach a steady state shape. A minimum requirement is that the pulse width w = tU, where U is the pulse velocity, is smaller than the sample size. Although this can be satisfied in metals, where pulse widths are fractions of a millimeter, it is not possible to perform laboratory experiments on rock where pulse widths reach 100's of meters. The underground test data is the best available for this purpose. Unfortunately, the stress wave from an explosion is not planar. Because the stress wave diverges spherically, the particle velocity (hence shock strength) declines with increasing range from the source. The wave thus cannot be steady.
However, for large explosions the ratio between pulse width w and range R from the source 5 is small enough that a quasi-steady situation may exist in which the stress pulse nearly attains its steady state rise time at each successive radius. The success of this approximation depends on the ratio w/R << 1. Small explosions may not satisfy this criterion, but w/R decreases with increasing explosive energy. Data from explosions larger than about 1kT yield appear to satisfy this condition. Figure 7 shows that the rise times from EVANS, a 0.03kT shot in tuff, fall well below the steady wave curve defined by larger yield shots. Numerical analysis must be employed when the steady wave approximation fails.
A steady wave moving with velocity U is described by a single variable † 
For solids the third (energy) equation can be neglected for all but the strongest shocks. The longitudinal stress P contains the constitutive law of the material. If P is an algebraic function of v or P there is no restriction on the sharpness of the stress pulse and the wave attenuates without broadening. However, if P involves any derivatives (i.e., a rate dependent law) the situation is entirely different. For example, for a fluid of viscosity h, † P = 2h˙ e rr = 2h ∂v ∂x
In this case † ∂v ∂x is infinite for a discontinuous shock and equation (1b) cannot be satisfied.
The pulse must spread out so that P remains finite. Because † ∂v ∂x vanishes both far in front of and behind the shock, the Hugoniot jump conditions are still satisfied across the broadened stress wave.
A more general expression for P that will be used to fit the data is a power law: † P = A˙ e rr˙ e rr n-1 = A ∂v ∂x ∂v ∂x
where A and n are constants. When n = 1 the linear law (2) is recovered, whereas for n ≠ 1 equation (3) gives a more general "viscosity" law that behaves properly in the † x AE ± • limits.
The equations of motion (1) 
c is the bulk sound speed. Equations (1), (3) and (4) can be solved for the width of the stress pulse which, in the limit v max << c, becomes †
when n = 1 Newtonian viscosity), w ~ 1/v max . The rise time is t = w/c. Note that w and t do not depend upon initial pulse width: they are functions only of the maximum particle velocity v max and material properties.
It must be emphasized that equation (5) is approximate: not only is the wave front assumed to be quasi-static, the equation of state (4) is unrealistically simplified and the rate dependent flow law (3) has no yield point. In reality, (3) should be valid until the stress drops to some strength limit, below which P decreases to near zero. The above treatment, however, is adequate for a first approximation: further work must be performed numerically.
DATA ANALYSIS
Equation (5) suggests that pulse widths (and thus rise time t = w/c) are a material property of the geologic medium in the steady wave limit. This suggestion was tested by plotting the peak particle velocity v max observed in a number of underground nuclear tests vs.
rise time t.
Figures 3 and 4 present data obtained from nuclear tests in halite (GNOME and SALMON) and in granite (PILE DRIVER). These data were plotted in conjunction with information on gauge integrity and position-they constitute a "clean" data set. Note that the GNOME (3.1kT) and SALMON (5.3kT) data are indistinguishable on this plot supporting the hypothesis that the rise times are a material property. When rise time in halite is plotted versus either range R or yield-scaled range R/W 1/3 , where W is the energy yield of the explosion, the two data sets form distinct arrays, as shown in Figure 5 , where the yield- The corresponding values of n and A are tabulated in Table I . These rise time relations hold until v max drops below a minimum particle velocity v b :
salt:
The stresses associated with these minimum particle velocities are estimated from P b = r 0 c v b (see Table I ).
The fits to the data (6a) and (6b) should not be taken outside the range of the measurements shown in Figures 3 and 4 . Comparing these fits to rise times for the oxides MgO and SiO 2 , measured at much higher particle velocities 9 , Figure 6 shows that the rise time may decrease much faster than (6a) and (6b) predict. Unfortunately, it is not possible to directly compare rise times for the same materials over this large range in particle velocity, but the crude comparison of rocks to oxides suggests that the rise time may be a strongly decreasing function of particle velocity for stronger shocks.
Although the date in Figures 3 and 4 are the cleanest available, the rise time vs. particle velocity for shots in tuff and alluvium (Figs. 7 and 8) can be roughly estimated. These data 8 were obtained directly from the Perret and Bass 8 tabulation. "Bad" records due to noise or broken gages, gauges sited in different geologic materials, and refractions due to layering have thus not been removed. These plots must be treated as a "first-cut" --they could be improved by examination of the actual gauge records and site geology. The salt and granite data showed that marked improvements may result. Nevertheless, the tuff data (Fig. 7) show the same general trend as the data in salt and granite. With the exception of the 0.030
kT EVANS event, the data show a steady increase of rise time with decreasing particle velocity down to v b @ 1.5 m/sec, where the rise time stabilizes at approximately 0.08 sec (80 ms). EVANS may not fit the general trend because the steady wave approximation fails (i.e., w/R is too large: in this case w/R would be 0.6 in the steady wave approximation).
The data for alluvium (Fig. 8) show the same general trend: on a v max versus t plot, data from tests with a variety of yields nearly follow a single curve, although there is some tendency for large yield events to have longer rise times at large particle velocities. The strangest feature of the alluvium data is the positive slope below † v @ 1 m/sec : the rise time actually decreases as the particle velocity declines. This fact was most clearly demonstrated in MERLIN (10kT) 1 8 , but all the other alluvium data is consistent with this trend. The reason why the stress waves in alluvium appear to "shock up" is not known. Table II is a summary of the rise time data for a variety of materials, where I have "force fit" a Newtonian viscosity, n = 1, decay law (2) to the data. This data is far less reliable than the corrected data for salt and granite (Table I) . To give a feeling for the accuracy of the method, Table II also includes the salt and granite data. Note that the breakover velocity v b is higher in Table II than in Table I --this is due to the "force-fit", n = 1, steeper velocity dependence. Table II shows that, while variations occur, most geologic media have the same effective viscosity (i.e., rate dependence) within an order of magnitude.
This high viscosity results in broad plastic wave fronts, which should allow effective numerical modeling of actual pulse shapes once a flow law analogous to (3) is established.
DISCUSSION
The data presented in this paper indicate that the rise times of stress pulses from large enough explosions depend only upon particle velocity and the properties of the media through which they propagate. This observation contradicts the widely held notion that rise times scale as (yield) 1/3 .
The large breadth of the quasi-static wave may make realistic numerical computation of pulse shapes in rock possible. Numerical codes that deal with stress waves are inherently unstable unless the shock front is spread over several computational cells 19, Chapter 12 . This smearing is generally accomplished by the introduction of an "artificial viscosity" whose function is to simulate the actual dissipation that occurs in a shock front. Without such dissipation no entropy jump can occur at the shock and the Hugoniot equations and equation of state cannot be simultaneously satisfied. For gases or metals this viscosity is much larger than the physical viscosity and the computed pulse rise times are numerical artifacts. However, the apparent viscosities for geologic media (Table II) shows the arrival of a small elastic precursor, the main stress wave and a number of smaller oscillations after the main wave passes.
